Dynamic regulation of cell shape underlies many developmental and immune functions. Cortical remodeling is achieved under the central control of Rho GTPase pathways that modulate an exquisite balance in the dynamic assembly and disassembly of the cytoskeleton and focal adhesions. Macroautophagy (autophagy), associated with bulk cytoplasmic remodeling through lysosomal degradation, has clearly defined roles in cell survival and death. Moreover, it is becoming apparent that proteins, organelles, and pathogens can be targeted for autophagic clearance by selective mechanisms, although the extent and roles of such degradation are unclear. Here we report a conserved role for autophagy specifically in the cortical remodeling of Drosophila blood cells (hemocytes) and mouse macrophages. Continuous autophagy was required for integrin-mediated hemocyte spreading and Rho1-induced cell protrusions. Consequently, hemocytes disrupted for autophagy were impaired in their recruitment to epidermal wounds. Cell spreading required ref(2)P, the Drosophila p62 multiadaptor, implicating selective autophagy as a novel mechanism for modulating cortical dynamics. These results illuminate a specific and conserved role for autophagy as a regulatory mechanism for cortical remodeling, with implications for immune cell function.
Dynamic regulation of cell shape underlies many developmental and immune functions. Cortical remodeling is achieved under the central control of Rho GTPase pathways that modulate an exquisite balance in the dynamic assembly and disassembly of the cytoskeleton and focal adhesions. Macroautophagy (autophagy), associated with bulk cytoplasmic remodeling through lysosomal degradation, has clearly defined roles in cell survival and death. Moreover, it is becoming apparent that proteins, organelles, and pathogens can be targeted for autophagic clearance by selective mechanisms, although the extent and roles of such degradation are unclear. Here we report a conserved role for autophagy specifically in the cortical remodeling of Drosophila blood cells (hemocytes) and mouse macrophages. Continuous autophagy was required for integrin-mediated hemocyte spreading and Rho1-induced cell protrusions. Consequently, hemocytes disrupted for autophagy were impaired in their recruitment to epidermal wounds. Cell spreading required ref(2)P, the Drosophila p62 multiadaptor, implicating selective autophagy as a novel mechanism for modulating cortical dynamics. These results illuminate a specific and conserved role for autophagy as a regulatory mechanism for cortical remodeling, with implications for immune cell function.
selective autophagy | cell spreading | Drosophila | hemocyte | macrophage B lood cells are subject to high demands for environmentally responsive cell shape changes for both developmental and immune functions that involve cell spreading, migration, and phagocytosis. Drosophila blood cells, called hemocytes, are an evolutionary equivalent of mammalian macrophages in terms of ontogeny, gene expression, and immune roles in pathogen clearance. Hemocytes that arise in the embryo persist into larval stages in free circulation with known surveillance functions and have been studied for in vivo requirements for cell morphology and migration (1) (2) (3) .
A theme in the remodeling of cell shape involves the reorganization of cortical cytoskeleton and membrane. Members of the Rho GTPase family control the organization and stability of filamentous actin (F-actin) in cell protrusion and membrane dynamics (4) . Cell protrusion formation and spreading also are associated with integrin-matrix interactions for surface attachment and focal adhesion function (5) . Importantly, both of these examples require multipronged, dynamically regulated cellular pathways for proper cortical remodeling; for instance, Rho GTPase pathway components are subject to regulation via mechanisms that change protein activity through membrane trafficking (6) , protein complex formation (7), ubiquitination-mediated protein stability (8) , or reversible protein phosphorylation (9) .
The process of autophagy, or "self-eating" through cytoplasmic turnover in the lysosome, is a mechanism of cellular recycling and remodeling involved in development, homeostasis, and disease. Autophagy is best understood as a nonselective response to starvation in which the recycling of bulk cytoplasm serves as a pro-survival or pro-death mechanism (10) . However, recent work indicates that specific protein aggregates, organelles, and pathogens can be selectively targeted for autophagic degradation. The p62 multiadaptor binds both to ubiquitinated proteins and to Atg8/LC3, a protein central to autophagosome formation, and thus is proposed to act as a receptor for selective autophagic clearance (11) (12) (13) . Consistent with this, a loss of function of ref (2)P, the Drosophila homolog of p62, was found to result in accumulation of ubiquitinated proteins and disruption of neuronal function (14) . However, the extent of roles and identity of targets for selective autophagy are largely unknown.
We identified Atg1 in an RNAi screen for kinase functions required for cell shape change in a Drosophila hemocyte-derived cell line. Previous studies independently discovered the Atg1 Ser/Thr kinase with conserved roles in axonal outgrowth (15) (16) (17) and as an essential component for autophagosome formation (18, 19) . Here we explore the apparent dual role for Atg1 in the regulation of morphogenesis and autophagy, and evaluate the significance of autophagy in hemocyte cortical behavior and in vivo functions. We show that basal autophagy is not essential for larval hemocyte survival, but is required to promote hemocyte cell spreading and extension of Rho1-induced protrusions. Importantly, autophagy is required for blood cell recruitment to larval wound sites and for cell spreading of mouse macrophages, suggesting conserved roles for autophagy in controlling blood cell shape and function. Our work points to p62-selective autophagy as an additional mechanism regulating cortical dynamics.
Results
Atg1 Is Required Cell-Autonomously for Hemocyte Cell Spreading.
Hemocytes dissected out of Drosophila larvae displayed a cellspreading response visualized by GFP in live cells ( Fig. 1 A and E; 93% cell spread). Starting as round cells, hemocytes flattened over 30 min, while extending spiky radial protrusions containing both bundled F-actin and microtubules (Fig. 1B) . In contrast, hemocytes from Atg1 Δ3D mutant larvae (18) remained round ( Fig. 1C and E; 10% cell spread) and appeared to lack Factin protrusions (Fig. 1D) . To further test the requirement for Atg1 function in hemocytes, we used the Pxn-GAL4 (hemocytes) or Cg-GAL4 drivers (hemocytes and fat body). We found that hemocyte-directed expression of a wild-type Atg1 cDNA could rescue the effects of the Atg1 Δ3D mutation on cell spreading (Fig. S1A) , whereas the defect in cell spreading was similarly observed with hemocyte-targeted Atg1 RNAi (20) (Fig. S1 B and C) . Taken together, these findings indicate a specific, cell-autonomous requirement for Atg1 function for hemocyte spreading.
Autophagy Is Required for Initiation and Maintenance of Cell
Spreading. If the role for Atg1 in cell spreading reflects a role for autophagy in cellular morphogenesis, then blocking autoph-agy in hemocytes by other means also should result in round cells that fail to spread. To test this, we used 3-methyladenine (3MA), an inhibitor of autophagy (21) . Wild-type hemocytes treated with 3MA did not spread (2% cell spread), similar to Atg1 mutant hemocytes (Figs. 1E and 2A ). In addition, hemocyte-targeted RNAi (22) depletion of other known autophagy-related genes (Atg4, Atg6, Atg7, Atg8a and Atg9) that function directly in autophagosome formation (23) abolished the ability of hemocytes to spread and extend F-actin protrusions (5-8% cell spread; Fig. 1E and Fig. S1 D and E) . Thus, the Atg1 function required for hemocyte spreading reflects a general requirement for autophagy in cortical remodeling.
We used 3MA to temporally distinguish whether autophagy is required for the initiation or maintenance of hemocyte spreading. wild-type hemocytes remained spread when washed with PBS ( Fig. 2C ), but failed to remain spread once treated with 3MA, instead displaying retracted cell protrusions and a more rounded shape ( Fig. 2B′ and C; 12% cells spread). The autophagy dependence was reversible; with hemocytes spreading after 3MA was removed ( Fig. 2B′′ ; 93% cell spread). These findings indicate that continuous autophagy is required for initiation and maintenance of hemocyte spreading.
Autophagy Is Blocked in Atg1
Δ3D Hemocytes. If autophagy is required for hemocyte spreading, then we would expect autophagosomes to be normally present in wild-type but absent in Atg1 Δ3D mutant hemocytes. Using transmission electron microscopy (TEM), we identified double-membrane-bound structures typical of autophagosomes in wild-type cells (1.8 per cell; Fig. 3A and Fig. S2 A and B) . In contrast, the Atg1 Δ3D mutant hemocytes were mostly devoid of double-membrane-bound structures (0.5/cell; Fig. 3A and Fig. S2A ). Conversely, blockage of autophagy is predicted to result in an accumulation of proteins normally targeted for autophagic degradation. Atg1 Δ3D hemocytes exhibited an increased number of puncta containing Ref (2) P (5.6 vs. 2.4 puncta/cell) (14, 24) , the Drosophila homolog of p62 (11) (12) (13) (Fig. 3 B and C) . The lack of double-membrane structures and the accumulation of Ref (2) Cell morphology is responsive to changes in cell homeostasis, such as cell survival, proliferation, and adhesion. There was no significant difference in the total cell counts, suggesting homeostasis of cell proliferation and survival of Atg1 Δ3D mutant hemocytes. Normal cell numbers were present in the two distinct hemocyte populations in the circulating hemolymph, which is easily spilled on dissection (Fig. S2C) , and the adherent sessile hemocytes attached to the body wall ( Fig. S2D ) (25) , also indicating that cell adhesion was unaffected. We found no difference in the percentage of dead or dying cells detected by propidium iodide staining (Fig. S2E ).
Autophagy provides a means for cells to generate energy when nutrient-deprived, raising the possibility that failure of cell spreading might be due to decreased amino acids or ATP production from blockage of autophagy. We found the same results for control and mutant hemocytes regardless of whether assays were done in buffer or serum-containing medium. The addition of methyl pyruvate, which can be directly incorporated into the Krebs cycle and has been used to overcome the energy-depleting effects of autophagy inhibition (26), did not restore the hemocyte spreading of Atg1 mutants (Fig. S2F ). These findings suggest that indirect effects of cell homeostasis or bioenergetics are not responsible for the autophagy-dependent role in cell spreading, further implicating a specific role in cortical remodeling.
Autophagy Is Required for Protrusion Extension but Not Cortical
Dynamics. Cell spreading involves coordinated events in cytoskeletal remodeling for the removal of inhibitory cortical tension and generation of dynamic protrusive forces. A cortical ring of F-actin was present in the autophagy-inhibited hemocytes, similar to unspread wild-type hemocytes immediately after dissection. To address dynamics at the cell surface, we performed timelapse microscopy imaging of GFP-labeled hemocytes. We found that the hemocyte cortex was dynamic with membrane ruffling under both control and Atg1 Δ3D mutant conditions ( Fig. 4 and Movie S1), suggesting that autophagy is not essential for total cytoskeletal dynamics or initiation of protrusions. Although the Atg1 Δ3D mutant hemocytes could extend and retract short protrusions, the cells did not extend the longer protrusions at the cover glass surface that were characteristic of wild-type hemocytes (Movie S1). The live cell imaging suggests that autophagy might contribute to the cell protrusion attachment or extension that occurs along with cell flattening.
Autophagy and Integrin Share Functions in Cell Spreading. Cell protrusion formation and spreading are associated with a focal adhesion function for surface attachment, specifically through integrin-matrix interactions (5) . Drosophila βPS 1 -integrin, encoded by myospheroid (mys), has been shown to be required for the spreading of a Drosophila hemocyte-derived cell line (27) . Similar to the autophagy requirement, we found that mys function was required for hemocyte cell spreading (Fig. 5B ), but not for association of sessile hemocytes with the body wall (Fig.  S3A ). Given the shared defect in cell spreading, we investigated βPS 1 -integrin distribution. In wild-type hemocytes, we found βPS 1 -integrin along the surface of round cells before spreading and in foci that colocalized with F-actin in spread cells, presumably indicating focal adhesions (Fig. S3B) . We found that βPS 1 -integrin also localized to the plasma membrane in Atg1 Δ3D mutant hemocytes and, in rare instances of spread hemocytes with this genotype, in a punctate pattern (Fig. S3C) , suggesting that autophagy is not required for βPS 1 -integrin cell surface localization.
Integrin-independent mechanisms in cell flattening and spreading can be evoked through lectin-mediated surface attachment to Con A (28) . Hemocytes disrupted for either mys integrin-mediated adhesion (Fig. 5F ) or Atg1-mediated autophagy (Fig. 5H ) were able to flatten and spread with an increased cell footprint on Con Acoated cover glass, signifying that an autophagy-dependent function for cell spreading was not a broad essential requirement for cell attachment or flattening. However, unlike wild-type and mys RNAi hemocytes, which extended spiky, filopodial-like protrusions during the first hour after plating on Con A (Fig. 5E and F) , the Atg1 RNAi or mutant hemocytes exhibited a discoid shape with lamellipodia rather than the normal protrusions (Fig. 5H) . Taken together, these findings indicate that both autophagy and integrin functions in hemocytes are required for integrin-dependent cell spreading, but with a distinct role for autophagy essential to hemocyte protrusion extension. This suggests that autophagy might have two separate roles or, alternatively, that autophagy plays a primary role in cell protrusion that affects integrin-dependent attachment in spreading.
Autophagy Is Required for Extension of Rho1-Induced Cell Protrusions.
The hemocyte-targeted expression of a dominant negative Rho1 N19 allele or disruption of the Rho1 effectors dia and rok resulted in hemocytes that maintained a round cell shape (Fig. S3 D-F) . Normal Rho1 pathway function was essential for hemocyte spreading on both cover glass and (unlike autophagy) Con A substrates (Fig. 5G) . In contrast, hemocytes expressing the constitutively active Rho1 V14 allele resulted in enhanced cell spreading, with cells exhibiting longer and more prominent F-actin cell protrusions ( ). Although hemocytes could spread, the extensive protrusions induced by the Rho1 V14 allele were suppressed by simultaneous inhibition of autophagy with the Atg1 Δ3D mutation (Fig. 5 D and J; 1.0 ± 0.1 μm). This finding demonstrates that autophagy can modulate Rho1 pathway functions and implicates a specific effect of autophagy at the level of cortical protrusion and remodeling.
Ref(2)P Function Reveals a Role for p62-Selective Autophagy in
Hemocyte Spreading. Autophagosome formation requires common assembly factors and the addition of new membrane, regardless of the encapsulated contents (23), which could indirectly disrupt cortical remodeling through effects on intracellular membrane dynamics. Alternatively, autophagy possibly could play a role in cortical remodeling through the sequestration and/or lysosomal degradation of a specific factor that normally either antagonizes protrusions or promotes a round cell shape. p62 has been proposed to serve as an adaptor for delivery of ubiquitinated cargo to the autophagosome in selective forms of autophagy (11, 29) . We found that hemocyte spreading was dependent on ref(2)P encoding Drosophila p62 (Fig. 5I′) (30) . This points to selective autophagy of an ubiquitinated substrate as a likely target of an autophagy-dependent mechanism for cortical remodeling.
Autophagy Is Required for Hemocyte Recruitment to Wound Sites.
Wounding of the larval epidermis leads to melanized clot formation and recruitment of hemocytes from circulation (31) . At 6 h after puncture wounding, microscopy imaging through the cuticle of live wild-type larvae revealed GFP-positive hemocytes accu- (Fig. 6 B-D) . This finding demonstrates that autophagy in hemocytes is important for physiologically relevant blood cell behavior within the intact animal.
A Role of Autophagy in Regulated Cell Shape Changes in Primary
Mouse Macrophages. To address whether autophagy is broadly required for blood cell remodeling, we tested the effects of disruption of autophagy on cell shape changes in mammalian macrophages. Primary mouse macrophages plated on glass demonstrated cell spreading with dramatic cell elongation ( Fig. 7 A and D; 2.8 major: minor axis); however, macrophages disrupted for autophagy with siRNA depletion of ULK1 (Atg1) or Beclin-1 (Atg6) did not undergo extensive cell spreading or elongation and remained predominantly circular in shape (Fig. 7 B and D; major:minor axis, 1.9 for ULK1 siRNA and 2.2 for BECN1 siRNA; P < 0.005). We found similar cell spreading and elongation defects with 3MA disruption of autophagy in two different activated mammalian macrophage cell lines (Fig. S4) . These data suggest a broad role for autophagy in regulating hemocyte and macrophage cell shape changes, with significance for conserved immune cell functions.
Discussion
We have identified a continuous role for autophagy in blood cell cortical remodeling, with involvement in the extension of cell protrusions during initiation and maintenance of integrin-mediated cell spreading. The cortical regulation of actin-based membrane protrusions, such as lamellipodia or filopodia, and cell-matrix attachments are linked through shared pathways (5), and both play major roles in cell migration and probing cell contacts relevant to immune cell function. The cell mechanics of cortical remodeling involve cyclic processes for protrusive force and contractions, as well as focal adhesion assembly and disassembly. Responsive molecular mechanisms must dynamically monitor and balance competing activities through macromolecular turnover and rapid renovation of cellular architecture. Examples of this are seen at multiple levels within Rho GTPase pathways that alter localization, activity, and/or destruction of key regulators that control microfilament network organization and dynamics. We propose protein sequestration in autophagosomes and autophagic clearance as additional mechanisms through which cellular remodeling for dynamic cell states can be achieved. Previous studies of autophagy have focused on its roles in cell growth, survival, and death as responses to starvation and stress (10) . We found that basal autophagy does not appear to affect cell survival, numbers, differentiation, bioenergetics, or adhesion of larval hemocytes. Autophagy is known to encapsulate bulk cytoplasmic contents and to selectively target specific protein aggregates and organelles. The regulation and targets for selective autophagy are not well understood, however. An emerging mechanism appears to involve parallels to the ubiquitin-proteosome system (29) , in which p62 is envisioned to serve as a bridge for the delivery of ubiquitinated cargo to autophagosomes. Interestingly, p62 also has been implicated in growth factor-induced neurite outgrowth with possible roles in recruitment of ULK1 to cortical growth receptors (16) . This lends further support to the idea that autophagy might play a role in neurite outgrowth (15) (16) (17) and synaptic development at the Drosophila neuromuscular junction (32) . One known target of selective autophagy is in the cell renovation that follows the morphogenetic event of cytokinesis, whereby an ubiquitinated midbody ring complex is disposed of through p62-mediated autophagic clearance (33) . Given the prevalence and possibilities for ubiquitin protein modifications, ubiquitination could play roles in both proteosomal and selective autophagic turnover (29) .
The role of autophagy in blood cell spreading could work at the level of facilitating removal of cortical tension or promoting extension of protrusions, which might be coordinated with substrate attachment. We envision that autophagy could serve as a rapid means to sequester or dampen specific signaling activities in response to a changing environment or cues. This is analogous to other posttranslational mechanisms that use ubiquitination or phosphorylation. The shared role for ref(2)P suggests a model involving p62-mediated autophagosome sequestration or autophagic degradation of a potentially ubiquitinated substrate. We identified the Rho1 pathway as a potential point of intersection. Interestingly, a growing list of Rho pathway components with roles relevant to control of cell protrusion and spreading have been found to undergo ubiquitination and changes in protein stability (34) (35) (36) , and recent connections suggest a potential reciprocal regulatory relationship between the Rho and autophagic pathways (37, 38) . Components that are involved in changing levels of focal adhesion activity and that correspond to a rounding-up of cells also have been identified as being under ubiquitin regulation (39, 40) . Connections also have been made linking focal adhesion components directly to the process of autophagy (20, 41, 42) , as well as to cell spreading. Conceptually, numerous candidate targets of selective autophagy remain to be investigated.
Autophagy has known functions in immune cells in the mounting of antimicrobial responses through its roles in antigen presentation and the targeted destruction of intracellular pathogens (43) . Our present findings demonstrate that autophagy also controls immune cell remodeling, which has significance in immune cell surveillance. We found that hemocytes that were disrupted for autophagy and the ability to undergo cell spreading ex vivo also showed decreased recruitment to wound sites in the animals. Consistent with this finding, wild-type hemocytes recruited to larval wound sites exhibited cell spreading, extension of cell processes, and more persistent attachment, in contrast to the sessile hemocyte population with rounded-up morphology (31) . We have shown that mouse macrophages subject to blockage of autophagy exhibited defects in induced cell shape changes, with similar morphological phenotypes to those of effects on signaling through integrin and Rho pathways also important for macrophage migration in inflammatory infiltration (44) . The requirement for continuous autophagy in hemocyte spreading also might be relevant in other contexts that require a switch to modulate cell morphology, such as rounding-up and respreading during mitosis and events in metastasis.
Materials and Methods
For additional information, see SI Materials and Methods.
Hemocyte Isolation. Wandering third instar larvae were used for all experiments. To isolate hemocytes, larvae were rinsed briefly in 70% ethanol and then in PBS, and placed in 100 μL of PBS or medium on a cover glass (Fisher Scientific). The cuticle was gently ripped open with fine forceps, and released hemocytes were allowed to settle and spread at 25°C for 30 min.
Hemocyte Treatments. Studies were done using 10 μM 3MA (Sigma-Aldrich), 400 μM methyl pyruvate (Sigma-Aldrich), or 1 μg/mL of propidium iodide (Sigma-Aldrich) in PBS. Cell counts were determined using a hemocytometer.
Wounding Procedure and Live in Vivo Imaging. Wandering third instar larvae were immobilized ventral side down on double-sided tape. Larvae were wounded with a pulled injection needle in the middle of the A5 segment. A drop of water was used to recover wounded larvae, then incubated on grapeagar plates at 25°C for 6 h. The larvae were remounted on a glass slide with double-sided tape, and GFP-labeled hemocytes around the melanized wound site were visualized by wide-field fluorescence on a Leica DM1600 with 5× (NA 0.15) and 20× (NA 0.5) objectives.
Live Imaging of Hemocyte Dynamics. Hemocytes expressing eGFP driven by Cg-GAL4 or Pxn-GAL4 were dissected as above into 100-μL complete medium and allowed to settle on the cover glass for 30 min at 25°C before imaging. For time-lapse recordings, images were captured every 5 s for a total of 180 s on an Olympus FV1000 point scanning microscope.
Primary Macrophage Isolation, siRNA, and Spreading Assay. Primary macrophages were elicited by i.p. injection of thioglycollate, as described previously (45) . For siRNA knockdown, 2.5 × 10 6 cells plated per 35-mm dish were transfected with 30 nM Dharmacon siGENOME SMARTpool siRNAs (control, #D-001206-13-05; ULK-1, #M040155-00-0005; and Beclin1, #M055895-01-0005). The DeliverX siRNA Transfection Kit (Panomics) was used in accordance with the manufacturer's instructions, with modifications. After incubation with the transfection mix, cells were added to 1.5 mL of OptiMEM ReducedSerum medium (Invitrogen), incubated at 37°C for 60 h, and then harvested for cell-spreading assays or protein isolation for Western blot analyses (SI Materials and Methods). For the macrophage-spreading assay, 5 × 10 5 cells after siRNA transfection were seeded on 12-mm circular cover glass (Fisher Scientific), incubated at 37°C for 3 h, and then fixed and stained for F-actin.
Microscopy Image Analysis. To quantitate cell spreading, images of cell fields were manually counted for spread and round cells. To quantitate the sessile hemocytes, CellProfiler was used to automatically identify hemocytes. Lengths of cell protrusions were manually traced and recorded using Volocity (PerkinElmer). The 20× images of wounded larvae were analyzed in Photoshop (Adobe Systems) by manually counting hemocytes within two-wound diameters. All data were exported to Microsoft Excel, and means, SEs, and Student t test values were determined. 
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SI Text
To address whether autophagy is broadly required for blood cell remodeling, we tested the effects of autophagy disruption on mammalian macrophage cell shape changes that coincide with activation. RAW 264.7 macrophages underwent enhanced cell spreading and elongation on growth in low-glucose media (Fig. S4  A and B; 1.7 major:minor axis); however, macrophages disrupted for autophagy with 3MA failed to undergo low glucose-induced elongation and remained predominantly round (Fig. S4 C and D; 1.4 axis ratio; P < 0.001). Similarly, in the J774A.1 mouse macrophage cell line, cellular elongation from a round to a bipolar cell shape occurred in response to treatment with a minimally oxidized form of LDL (mmLDL) relevant to the early events leading to atherosclerosis (1) (Fig. S4 E and F; 1.8 axis ratio) . J774A.1 cells disrupted for autophagy with 3MA failed to elongate when treated with mmLDL and instead remained round or extended several multipolar protrusions (Fig. S4 G and H; 1.5 axis ratio; P < 0.001). These findings suggest a broad role for autophagy in regulating hemocyte and macrophage cell shape changes.
SI Materials and Methods
Fly Strains. The following genotypes were used: (i) Atg1 Construction of mCherry:Atg1 Flies. Atg1 cDNA was amplified from clone LP23904 (from Drosophila Genomics Resource Center) with primers CACCATGAATATTGTCGGGGAATATGAA-TACAGC and AGCATTCTCATCGGTCATGTATAT, cloned into pENTR/D-TOPO Gateway entry vector (Invitrogen), and then recombined into the pTW1129 destination vector (provided by Terence Murphy; Drosophila Gateway Vector Collection) to generate pUAST-mCherry:Atg1. The DNA construct was injected into flies (BestGene) to obtain the corresponding transgenic stocks.
Hemocyte Isolation and Enrichment for Molecular Analysis. Third instar larvae were scooped out of the culture vials and washed with 70% ethanol and then with PBS, with ∼150 mg larval wet weight used per preparation. The larvae were added to a cell strainer with a 70-μm nylon mesh placed in a shallow collecting dish and crushed with the back of an Eppendorf tube. The released hemocytes within the crude preparation were filtered through the 70-μm filter on the cell strainer into a 50-mL tube, eliminating large tissues. The crushed larvae were washed three times with PBS (pH 7.4). The hemocytes were centrifuged at 8 × g for 5 min, and the supernatant containing the hemocytes was carefully collected in a fresh tube and centrifuged at 805 × g for 10 min. The supernatant was discarded, and the collected hemocytes were used for subsequent steps. This procedure resulted in a highly purified hemocyte preparation, as indicated by (i) visual examination of a preparation from larvae with hemocyte-specific Pxn-GAL4, UAS-GFP expression showing that ∼70-80% of intact cells were GFP-positive, and (ii) RT-PCR showing little or no contamination of a target RNA knocked down only in hemocytes.
RT-PCR in Hemocytes. Hemocytes were collected as described above. RNA was extracted using TRIzol reagent (Invitrogen), following the manufacturer's instructions. First-strand cDNA synthesis was achieved using the Invitrogen SuperScript III FirstStrand synthesis kit. Gene-specific primers were then used to check for expression of target genes.
Immunofluorescence Cell Staining. Hemocytes were dissected into 100 μL of PBS, allowed to attach to a glass coverslip for 30-60 min at 25°C, then fixed with 3.7% formaldehyde in PBS. Cells were permeabilized with 0.1% Triton X-100 in PBS, blocked with PBSTB (3% BSA + 0.1% Triton X-100 in PBS), and stained with primary antibodies rabbit anti-Ref (2) Electron Microscopy. Hemocytes were dissected out of wandering third-instar larvae of the appropriate genotype as described above, and then concentrated by centrifugation for fixation. Samples were immersed in modified Karnovsky's fixative [1.5% glutaraldehyde, 3% paraformaldehyde, and 5% sucrose in 0.1 M cacodylate buffer (pH 7.4)] for 8 h, postfixed in 1% osmium tetroxide in 0.1 M cacodylate buffer for 1 h, and then stained en bloc in 1% uranyl acetate for 1 h. The samples were then dehydrated in ethanol, embedded in epoxy resin, sectioned at 60-70 nm, and picked up on Formvar-and carbon-coated copper grids. The grids were stained with uranyl acetate and lead nitrate, viewed using a Philips CM-10 transmission electron microscope, and photographed using a Gatan digital camera.
Macrophage Culture and Assays. J774A.1 cells grown in standard DMEM were treated for 3 h with 50 μg/mL of mmLDL [provided by Y. Miller and prepared as described previously (1)], in either the absence or presence of 10 mM 3MA (Sigma-Aldrich). Then cells were fixed and stained for F-actin. RAW 264.7 cells were grown in DMEM supplemented with 4.5 g/L of glucose (high glucose). To induce elongation, cells were shifted to medium with 1 g/L of glucose (low glucose) in either the absence or presence of 1 mM 3MA, and incubated overnight. 
